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PCK Planetary Constant Kernel (SPICE)
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PNG Portable Network Graphics (file format)
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SIS Software Interface Specification
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1. INTRODUCTION

1.1 Purpose and Scope

This Software Interface Specification (SIS) describes the orgamzand contents of the
MESSENGER Mercury Dual Imaging System (MDISalibrated Data Record (CDRnd

Redwced Data RecordRDR) archive. This archive includes data from the two cameras onboard
the MESSENGERpaceaft: theWide Angle Camera (WAC) anthe Narrow Angle Camera
(NAC) (see Figurd-1 below). The MDIS CDHRDR data products are deliverable to the
Planetary Data System (PDS) and the scientdmmunity that it supportsAll data formats are
based on the PDS standard.

| B Pivot
TWIST |38 R \ Actuator
e _ .

DISE ZAMMlN. Composite
: Stands

Figure 1-1: MDIS Instrument (exterior view).

There araenMDIS data sets defined inithSIS document. These include:

1) Calibrated Data Records (CDRs
2) Derived Data Records (DDRs

3) Map ProjectedBasemap Reduced Data Recof@DRs) containinga global 750nm
mosaic illuminated for morphology, with a typical solar incidence amgge74° (BDRS)

4) Map ProjectedMultispectralReduced Data Records (MDR=ontaining an &olor global
mapilluminated at a minimized solar incidence angle

5) Map ProjectedMultispectralReduced Data Records (MD3ontaining a Zolor regional
mapilluminated at a minimized solar incidence angle
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6) Map ProjectedMultispectralReduced D& RecordsNIP5s) containing a &olor regional
map of the northern hemispheltaminated at a minimized solar phase angle

7) Map Projected Basemap Reduced Data Recodafgaininga global 756nm mosaic
illuminated at high solar incidence andtem the east, to accentuate low relief morphology
(HIEs)

8) Map Projected Basemap Reduced Data Recoafgaininga global 756nm mosaic
illuminated at high solar incidence angle from the west, to accentuate low relief morphology
(HIWs)

9) Map Projected Basemap Reduced Data Recoafgaininga global 756nm mosaic
illuminated at a minimized solar incidence angle, to accentuate albedo variatiogs (LOI

10) Map Projected Regional Targetetlservation Mosaics containingi@ or more NAC or
WAC frames pointed at a high science priority region of interest (§TM

These data sets are defined in section 2.4 and described in more detail in sections 3.3.5 through
3.314 of this document.

This SIS is useful to those whwish to understand the format and content of the MDIS data
produds and ancillary support dataThe SIS applies to the MDISDR/RDR data products
produced during the course of MESSENGHRflight calibrationand mission operationsThe

users for whom this SIS is intended are the scientists who will analyze the data, including those
associated with the MESSENGER Project and those in theajg@netary science community.

1.2 Contents

This Data Product SIS descrh@éow data products generated by the MESSENGER &am
processed, formatted, labeled, and uniquely identified. The document details standards used in
generating the products and software that may be used to access the products. Data product
structure ad organization is described in sufficient detail to enable a user to read the product.
Finally, an example of each product label is provided.

1.3 Applicable Documents and Constraints
This MDIS CDR/RDR SIS is responsive to the followirtpcuments:
1. MESSENGER Mercury: Surface, Space Eamment, Geochemistry, Ranging:
mission to Orbit and Explore the Planet Mercury, Concept Study, March 1999.

2. Planetary Data System Archive Preparation Guide (APG), August 29, 2006, Version 1.1,
JPL D31224

3. Planetary Data System Standards Refeedrebruary 27, 20Q9/ersion 38, JPL D
7669, Par?.

4. MESSENGER Data Managnent and Archiving Pla,heJohns Hopkins University
APL, 73849019

5. [PLR] Appendix7 to the discovery program PlaProgiam Level Requirement fahe
MESSENGER Discovery projeciune 20, 2001.

6. MESSENGER Instrument DIFMDIS Flight Software Specification, Johrales, 7390
9041, Revision &eh 26, 2004.Describes the instrument flight software.
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7. MDIS Compreasion DescriptionPat Murphy)nternal APL MemdSRM-03-056, Aug.
25, 2003.Describes the MESSENGER Main Processor wavelet compressien, sub
framing and binning flight software.

8. Hawkins, S. E., Ill, et alMulti-Spectral Imager on the Near Earth Asteroid Rendezvous
missian, Space Sci. Rev., 82,-300, 1997

9. Hawkins, S.E., lll, et al.The Mercury Dual Imaging System on the MESSENGER
SpacecraftSpace Sci Rev 131: 24338,DOI 10.1007/s1121-807-9266-3, 2007.

10.Hansen, O. L,.Surface temperature and emissivity of Mercunytréghys. J.190, 715
717, 1974

11.MESSENGER Mercury Dual Imaging System (MDIS) Experiment Data Record YEDR
Software Interface Specification (SIS) document, The Johns Hopkins University, APL,
V2T, Jun. 28 2015.

12.Archinal, B.A. et al., Report dhe IAU Working Group on Cartographic Coordireatand
Rotational Elements: 2009, 2010

13.Domingwe,D.L., Denevi B.W., Murchie, S.L., and Hash, C.[pplication of multiple
phobmetric models to diskesolvedne asur ement s of Mer cur yos
Me r c ur y 0 charactergtmdcarus,i268, 17203, 2016.

14.Denevi, B.W. et al.Final calibration and multispectral map products froe Mercury
Dual Imaging System WidAngle Camera on MESSENGER.unar Planet. Sci 47,
abstract #264

15.Becker, K.J. et al.,iFst global digital elevation model of Bfcury, Lunar Planet. Sci 47,
abstract #2959.

1.4 Relationships with Other Interfaces

Data products described this SIS are produced by the MESSENGER Science Operations
Center (SOC). Changes to the SOC processing algorithms may cause changes to the data
products and, thus, this SIShe MDISCDR/RDR products are derived from MDIS Exjraent

Data Record (EDRproducts As such, changes to the EDR product may affect the CDR/RDR
products. Changes in MDIS data products or this SIS may affect the design of the MDIS archive
volumes

2. DATA PRODUCT CHARACTERISTICS AND ENVIRONMENT

2.1 Instrument Overview

The WideAngle Camera (WAChas12 band pass filters, while the Narrow Angle Camera
(NAC) is monochromati¢has a single filter) Table 21 summarizes relevant parameters for
both the WAC and NAC cameras. ThelR format foreach camera is identical
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Narrow Angle Camera (NAC)

Wide Angle Camera (WAC)

Field of View

1.5 degree

10.5 degree

Scan Range

-40° to +50° from spacecraft +z

-40° to +50° from spacecraft +z

Exposure Time

1to0 9989 ms

1to 9989 ms

Frame Transfer Time 3.4 ms 3.4 ms
Image Readout Time ls 1ls
Spectral Filters 1 12 positions
Focal Length 550 mm 78 mm
Collecting Area 462 mm” 48 mm”

Detector- TH7888A

CCD 1024 x 1024, 14 pym pixels

CCD 1024 x 1024, 14 ym pixels

Pixel FOV

5.1 m at 200 km altitude

35.8 m at 200 km altitude

Table 2-1: MDIS Camera Details

2.1.1 Hardware Overview

Most of theMESSENGERNstruments are fixechounted (Figur@-2), so that coverage of
Mercury is obtained by spacraft motion over the planethe imaging system uses a pivot
platform to accommaate flyby imaging and opticabrigation as well as imaging during the

orbital phase.

Figure 2-2: MESSENGER Spacecraft hstrument Deék

The full MDIS instrument includes the pivoting dual camera system as we# asdhredundant
externalData Processing Unit®PU9. The dual camera assembly without the DPUs is usuall
simply ref er rTeovdrall design antl Mdk lof$/DI&, shown in FigR+& was
driven by mass limitations, the severe thermal environm@uekitercury and the requirement for a
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large fieldof-regard for optical nagation and offnadir pointing. The total mass of MDIS is
8.32 kg, includindlight blankets, harness to DPU, and thermal gasket.

The pivot platform housdte multispecal WAC and the morghrome NAC. Thehermal
designgenerallymaintairedthe CCD detectors in the WAC and NAC within theésired

operating tempetare range 0f45°C to-10°C, during the hottest parts of Mercury orbit,

occasional excursions above this range occur@uy one DPU may be active at a time, and

due to thermal constraints only one camera will operate at a time; however, observations with the

two cameras canghbinterleaved at-5 intervals.A separate electronics assembly accommodates
switching between the viaus modes of opating with the redundant DPU3.he pivot platform

has a large range of motiorl240A) t o al l ow the cameras to be #ft
optics from contamination.

2.1.2 Pivot Mechanism

The MDIS pivot platform is controlled by a steppingptor (Fig.2-3). The motor phases are
controlled directly by the DPWoftware to move the platfornfihe phase pattern can be adjusted

by software to move theaiform forwards or backwardsT he pi vot pl atf or més
is mechanicall constraind by @ h a rTldeorange tofonposon is further constrained by

i s ostopsaapplied by the softwar&@he nominal allowed range is shown in R2g4. The total

range of motion of MDIS is abo@4(, limited by hard mechanical stops in the pivot motor.

The hard gips are fixed at185° and 55°The pivot motor drivdrain provides precision rotation

over the 90° operational range of motion (Fig24) about the spacecraft +Z axis.

The MDIS pivot actuator is capable of accurasghpping in intervalsf 0.01° (~150 prad) per
step.Crudepi nting knowledge is determined by first
accomplished by driving the actuator into one of the mechanical hard stops for a period of time
sufficient to ensure the orientation of timstrument if it had been previously stoppechat t

opposite extreme of travel he rotational speed difie pivot platform is 1.18. Once the

location of the pivot actuator is known, the flight software retains this knowledge and subsequent
pointing comnands are achieved by courgipulses (steps) to the motor.

There are two alternative measures of pivot position: by counting motor steps following homing,
as described above, or by using the position returned from a pivot position reBoés&atter

metlod, augmented by inflight calibration of resolver readings using stellar pointing calibrations,
is used for the most accurate determination of pivot pointingdostruction of SPICE camera
kernels and foproduction of map products.
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Figure 2-3: MDIS Design.
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Figure 2-4: Range of motion of the MDIS pivot platborm. Operational range is-40° sinward to +50°
antisunward (planetward). When stowed, the sensitive first optic of each telescope is protected.

2.1.3 MDIS Data Compression

The MESSENGER mission remes compression to meet its science objectives withe
available downlink. Figure-8 summarizes the compression options available to MDIS at the
instrument level and using the spacecraft main processor (MP). At the focal plane, 2x2 binning is
availabk onchip to reduce the 1024x1024 images to 512x512 formétjtidata number (DN)

levels can be converted to 8 bits, and data can be compressed losslessly. After data are written to
the recorder, they can be uncompressed and recompressed by the MRygnessively using

any of several options: additional piXahning, subframing, and lossy compression using an
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integer wavelet transform. The strategy for MP compression is that most data except flyby

imagingarewavelet compressed, typically 4:1 formohoco me data and t o
for orbital color data. Color imaging but not monochrome imaging may be furtherbjomedd.

For the speci al case of optical navi

gat i

a

on

lines of an image at &ixed interval for optical navigation images of Mercury during flyby

approaches.

Hardware compression in MDIS DPU:

2x2 3
12:28 bit DPCM FAST
(DPU HW) (DPU HW)
1024 X 1024 X 12 \ \ > @

1024 x 1024 x 12 compressed

1024 x 1024 x 8 1024 x 1024 x 12

512x 512 12 1024 x 1024 x 8

512x512x8 512x512x 12
512x512x8

Figure 2-5a: MDIS/DPU Real-time Compression flowchart

Software compression in spacecraft main processor (MP):

Binning not
512x512xn Binning

1024 x 1024 x 12
1024 X 1024 X 8
compressed E 512% 512 x 12
1024 x 1024 x 12 1024 x 1024 % 12 512x 5128
1024 x 1024 x 8 1024 x 1024 % 8 256 % 256 % 12
512x 512 % 12

256 x 256 % 8

512x 512 x 12
@ 512x512x8 ;:g; " . | 512x512x8

Jailbar

—— -start column

send column
*spacing (4,8 or 16)

Wavelet is supported for
a) Full image -OR-

Subframes (max 5) b Single Commanded Subframe

— w1[1 5)

yi[1..5)
«ax1..5] Wavelet
dy[1..5]

COmpi ratic |

-

When more than one single subframe is commanded,
data is simply extracted and no additional compression
is performed on any subframes.

Figure 2-5b: MESSENGER Main Processor (MP) image posprocessing compression flowchart
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Figure 2-6: Mapping of 12 bits to 8 bits will be accomplish& using onboard lookup tables. The tables are
designed to preferentially preserve information at different DN ranges, and they can accommodate a nominal
detector dark level as well as one that has changedth ti me . AiiNoi sed refers to the re
(12bit DN) for t he WA C-bitDBl§) foathe NAGIACD.g(h) bow (hdse, high bias SNR
proportional. Usage: Typical imaging with varied brightness.Nominal for mostimaging. (2) Low noise, high
bias DN-weighted SNR proportional. Usage: Faint object imaging. (3) High noise, high bias Bheighted

SNR proportional. Usage: B/W, low brightnesses. Nominal for NAC imaging(4) Low noise, medium bias
SNR proportional. (5) Low noise, medim bias DN-weighted SNR proportional. Usage: Faint objects. (6)
High noise, medium bias DNweighted SNR proportional. Usae: B/W mostly low brightness. (7) Zero-bias
SNR proportional. Usage: Typical imaging, varied bightness. (8) Linear. Usagetigh brightness mapping,
preserves high DN information.

2.1.4 Exposure Control

The exposure time of images can be set manually by commandasnatically by the software.

In manual mode, a fuB989 msrange & exposure times is availabldn automatic mode, the
exposure time of the next image is computed by the DPU software2(¥)g.This computation

has two distinct stepsThe first step computes a new exposure time based on the brightness of a
testimage. The second step anticipatesnmandedilter wheel motion to a new filterand
adjusts the computed exposure time accordingly.

During the read stage of the image pipeline, the hardware generates a histogram of the image.
The histogram is analyzed by the software to determine if the image is overexposed or
underexposed. First, the histogram is scaled by a factor of four if it comes from a 2x2 binned
image. If the brightest histogram valfexcept for a commandable number of allowable
saturated pixelsgxceeds a saturation threshold, the image is condidererexposed and the
exposure time is scaled back. Otherwise thegamisz considered underexposeHlistogram
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values are accumulated starting from the brightest bin down towards the dimmest bin, until the
saturation threshold is exceeded. The brightnedge that causes the sum to exceed the
threshold is the actual image brightness. The exposure time is scaled by the ratio of the
commanded target brightness to the actual brightness, after a background brightness is removed.
The algorithm is characteed by uploadable parameters for the saturation threshltdable

number of saturated pixel@yerexposure fallback, and background brightness.

The algorithm described so far compensates for changes in scene brightness and filter wheel
changes. The néestep adjusts the exposure time further if the imager, binning mode, or filter
selected for the next exposure does not match what was used in the test exposure. The exposure
time is scaled by the ratio of the transmissiyagtually, the expected brigtgss in DN/spf the

old setup to the transmissivity of the new setup. An uploadable table of transmissivities for the
WAC filters and for the NAC imager in either binning mode are used. Finally, the computed
exposure time is forced to fall within an apbable range but is always less than 1 second.

7]
E Image /////\\\\ Gurrent Exposure
_D__ Histogram -~ Overe:cpossd?\ Yes p'e Exposure’
. Fallback
0 (f
No
0 N 4095 AR
Brightness (DN) -~ -
Underexposed? Yes | Target— Backgrourd
. AGTUAL"- background
\\\/'
Anticipation:

Transmissivity(previous camera, bin mode, filter)

Exposure” = Exposure’ X

Trensmissivity{current camera, bin mode, filter)

Figure 2-7: Autoexposure algorithm decision tree. A 64in histogram is computed in hardware for each
image. If an image is determined to be underexposed, the actual exposure is computed as Actual mmim
brightness such that the sum of the pixels above this brightness < saturation threshold.

2.1.5 Optical Design

The WAC (Figure2-8) consists of a 4#lement refractive telescope having a focal length of 78
mm and a collecting area of 48 mifTable2-9). The detector located at the focal plane is an
Atmel (Thomson) TH7888A fram&ansfer CCD with a 1024x1024 format andm pitch
detector elements that provide a 4#8d pixel (instataneous) fielebf-view (IFOV). See
Appendix M for the Atmel TH7888A dataheet. A 12-position filter wheel provides color
imaging over the spé&@l range of the CCD detectoEleven spectral filters spanning the range
from 395 to 1040 nm are defined to cover wavelengths diagnostic of difjgoéential surface
materials. The twelfth position is a broadbanfter for optical navigationand lowlight
imaging The filters are arranged on the filter wheel in such a way as to provide complementary
passbands (e.g., forcdlor imaging, 4color imaging) in adjacent positions.
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Figure 2-8: WAC optical layout.

Narrow Angle Wide Angle
Field of view 1.5°x1.5° 10.5° x 10.5°
Pivot range -40° to +50°
(observational) (Sunward) (Planetward)
Exposure time 1t09989ms
Frame transfer time 3.4ms
Image readout time' 1s
Spectral filters 1 12 positions
Spectral range 725 783nm 395 1040 nmin clear filter
Focal length 550 mm 78 mm
Collecting area 462 mm? 48 mm2
NAC-WAC coalignment knowledge | <0.01deg€1 79 ¢er ad)
Spacecratft pointingcontrol <0.1 deg €1.75 mrad)
Spacecraftpointing knowledge 0.02deg¢350 erad) |
Detector-TH7888A CCD 1024x1024,14 m pi xel s
IFOV 25¢r ad 179prad
Pixel FOV 5.1 m at 20&km altitude 35.8m at 20e&km altitude
Quantization 12 bits per pixel
Compression Lossless, multresoluton lossy, 120-8 bits

*ransfer to DPU; transfer from DPU to SSR limited to 3 Mbps (4 s to transfer 1024x1024 image).
Table 229: MDIS specifications

The NAC (Figure2-10) is an offaxis reflective telescope witmaeffective550-mm focal length

and acollecting area of 462 mm The NAC focal plane is identical to theA\C & s , provi dii
25-purad IFOV. The NAC has a single mediuband filter 60 nm wide), centered at 750 nm to

match to the corresponding WAC filter for monochrome imaging.
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Narrow-Angle Camera Optical Layout
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Figure 2-10: NAC optical layout.

2.1.6 Filters

The WAC camera utilizes a twelg®sition filter wheel with barmhsse$rom 430to 1020 nm,
including a broadband navityan filter centered at 750 nnThe NAC is a broadband BW

imager witha center wavelength of 747 nm aamtdandpass of 53 nn©ther than the image
dimensions, the data products of eaame@ are identically formatted.able2-9 shows the
designlevel focal length, collecting area, afield of view for each cameralable2-11 shows

the calibrated filtewheel position and bandwidth parametensd the desigtevel focal lengths

for each filter More accurate values for focal lengths are derived from flight measurements, and
are updated over the course of the mission as knowledge of the values improves.

Filter _FiIter Wave_length FWHM Total Focal Scale
Number Filename (Flight) (Flight) Thickness length change
letter (nm) (nm) (mm) (mm) (%)
1 A 698.8 53 6.00 78.218 -0.104
2 B 700 600.0 6.00 78.163 -0.104
3 C 479.9 10.1 6.30 77.987 -0.329
4 D 558.9 5.8 6.30 78.023 -0.283
5 E 628.8 55 6.20 78.109 -0.173
6 F 433.2 18.1 6.00 78.075 -0.216
7 G 748.7 51 5.90 78.218 -0.033
8 H 947.0 6.2 5.20 78.449 0.262
9 I 996.2 14.3 5.00 78.510 0.340
10 J 898.8 51 5.35 78.390 0.186
11 K 1012.6 33.3 493 78.535 0.372
12 L 828.4 5.2 5.60 78.308 0.082

Table 2-11: WAC Filters Specificationsi Wavelength and FWHM Measured at-26 C.

For WAC spectral filters, bandpass widths were selected to provide required SNR in exposure
times sufficiently short to prevent linear san by alongrack motion, yet sufficiently long (>7
ms) to avoid excessive artifacts from removal of frame transfer smear during grogedsing.
SNR is not an issue, as sufficient light is available for SNRs >200, but saturai@onsern at
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low phase anglesAt the same time, both cameras must be sufficiently sensitive to provide star
images for optical navigationWhen imaging Mercury against a star background, at least three
staismus be visible pevnththeoleagfiter at O 71 noi se

2.1.7 Flatfield Non-uniformity

Response uniformity, or flat field, is a measure of ptegbixel variations in responsivityOne
significant noruniformity in the data noted during ground calibratienthat of dark spots
scatteredacross the FOV of both imager3.he darker spots scattered across WAC images are
fixed with respect to the CCD regardless of filter wheel setting, though their intertkitieary
slightly with filter. The sizes of the spots are consistent with shadows of-grB8ust on the
CCD window, and their number density is consistent with the standards for-4@Jae8 clean
room in which the camera was assembledlso consistent with this hypothesis, follov
instrument vibration during environmental testing, the tiooa of several spots changeWith

the exception of a single particle (arrow, Figar&?2) the dust spots do not sifjoantly affect
the DN levels. Thespots themselvesalso movel as the istrumentwas subjected to the
vibrations of launch and flightThe original determination of the flat field was made using
images of the interior of an integrating sphere, acquired during ground calibratiiaght,
several iterative improvements of tfiat-field correction were performetmages ofan onboard
calibration target inside the spacecraft adaptor, &sgwell as of th&/enus cloud tops acquired
during the second Venus flyblgave beemusedprior to Mercury orbit insertion. After Mercury
orbit insertion, medians of thousands of loantrast fieldfilling images acquired through each
filter providedanimproved flat field

/

Figure 2-12. Non-uniformity due to dust particles is visible in integrating sphere images acquired through
the quartz window in the OCF chamber door of the calibrationfacility.

2.1.8 Dark Columns

Dark models for MDIS imagesan becreated usingither(a) dark images (usually acquired with

MDIS stowed against the spacecraft deck) or (b) columns lyitsideu of t he CCDdés ac
In the fulHframe mode for either the WAC or NAC, the first four columns of each image are

taken from a region of the CCD that is never exposed to light and, thus, represents a dark level
that is purely a fuetion of bias and ark current. The dark columns are separated from the

image section by five isolation columns to avoid diffusadrsignal from the active areaVhen
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the image is read out, these four columns are mapped into the first four imaging columns, so the
resultirg image is a square 1024 by 1024 pixels, with the first four columns replgitethe
sampled dark columnsThe four dark columns behave identically to the scene as a function of
row, exposure time, and temperature to within 0.26 DN.

In the binned modeof both cameras, true dark colusnare unavailabldue to the pixeshift
problem described in the following sectiotdowever, the second column of a binned image
provides amuchlower responsé¢o light than a ctumn in the active image arealhis lower
response column does show a temperatanel exposuréime response that can be modeled,
maki ng it daa rfKherefote,the daaklcoluinn model simply uses the second column
of an image (binned or fuffame) to be a representative of the darip properties.

Given theproblematicn at ur e of b i n nmodel ()daovekused asahe basis fer,

an analytical model of dark currenNeverthelessthe dark stripgould serve as an indicator of

the wvariations of tidti@n, a@dC &s0ssich, ra eneanovalislate teo r a d
performance of the dark model over time

2.1.9 Pixel Shift Due to Pixel Binning

For either camera,neerror in programming the Actel fieldrogrammable gate arrays (FPGAS)
that executes binning at the focal plaesults in a different sampling of the CCDs. Binned
images are sampled from a part of the CCD that is offset 8 unbinned pixels (4 binned pixels) in
the direction of increasing sample number in the image. This difference in pointing is accounted
for in the PICE frames kernel.
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Figure 2-13: Pixels intended for dark columns, and actual pixels used in binned images for WAC and NAC.

2.2 Flyby Imaging Overview

The MESSENGER trajectory providatree flyby opportunities of Mercury: January 2008,
October 2008, an8eptember 2009. During the first flyby, approximately half of the hemisphere
not viewed by Mariner 10 was illuminated (subsolar longitude 190°E); the first Mercury data
returred from MESSENGER thus covered new terrain, including the previously unseenrweste
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half of the Caloris Basin and its ejecta. During the second flyby, illuminatstentered on the
eastern edge of the Mariner 10 hemisphere (subsolar longitude 4°E). The lighting geometry for
the third encountewasnearly identical to that of the swad encounter with the subsolar point at

the prime meridian (0°E); the approach and departure phase amgkdess extreme, however,
resulting in better inbound imaging. During the second and third flybys, most of the remaining
unseen portion of Mercunyasimaged. Total coverage between Mariner 10 and the three flybys
excludedonly the pole and a small longitudinal gap up tov@itle, cenéred at 93E longitude.

During each of the flybys, thremajortypes of image mosaiegereacquired. First, MDISNAC
raster scan mosaics covere80% of the planet at a resolution averaging ~500 m/pixel,
providinga first version of a globahap. Second, MDISVAC imagel the planet in 11 filters at
as good as-2.4 km/pixel. Finally, higkresolutionWAC and NAC mosaicscovered selected
areas ahigher resolutions

Creating maps from imagingbtainedat various photometric geometries during the flybys and

from orbit requires an accurate photometric model of the planet at the wavelengths of the NAC

and WAC filters. Therefordf ESSENGERbegan the collection ahulti-geometry photometric
characterization of Mercuryod6s surface from da
of the same point on the ground acquired at the same incidencelangldferentemissionand

phase angles.

2.3 Orbital Imaging Overview

Imaging during thé solar dayorbital phase is divided into two types, acquired as parts of
organized mappinfcampaign$, and"targeted observationgbvering regions of interest
specificallydefined by the SciencBeam. In the latter case the region of interest is recdrgded
the SITE_ID keyword.

2.3.1 Primary Mission (Solar days 1-2)

On 18 March 201MESSENGERwasplaced in a highly elliptical orbit with a periapse of 200
kmat~8t e N and an ap o ahesrithadah appr8ximat@yi2ihenr periodwas
inclined 80¢e t o tnh andyasnatsuadynthsonaigDurang ane i a | pl a
Mercurian solar day, the orbit precesssmmgetely around the planet twicat times the
groundtrackvasnear the terminatp22 days later it passeder the sufsolar point.The

following were the major imaging campaigns during the ~1 Earth year primary mission.

2.3.1.1 Global Monochrome Basema@ampaign

One of the primary goals of MDIS is to acquire a global monochrome baserigan/pixel
average spatial sampling, low emission angle, and moderate incidencedan@@). For a
given area, coverageasfirst obtained when local nadivasviewed ata solar incidence angles
as close as possible to 6&his value is a compromise between higher incidence angles to
highlight subtle topography and lower incidence asteeiminateshadowsThe choice othe
NAC or WAC camerawasdriven by the necessity of maintaining both crtyask overlap and
near uniform patial resolutionthe NACwasused to image the southern hemisphere, whereas
the WACwasused in the northedmemisphere For monochrome imaging, the 750 nm filteas
used in the WAC to matchehv50 nm bandpass of the NACThis first global nadirviewing
basemapvas acquirediuring the first Mercurian solar dagf the missior(i.e., during the first
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half of the primarymission).

2.3.1.2 Stereo MappingCampaign

An off-nadir stereecomplement to thabovebasemap consisof images taken at ady the
same local solar time one solar day later, with stereo convergence attainedfusadjro
pointingup or down the gromdtrack. The stereo complement was acquired on solar day two
(i.e., the second half of the primary mission).

2.3.1.3 Global 8-Color Mapping Campaign

Color mapping was repeated after the flybys, improving spatial resolution by nearly a factor of 3
to 1.0 km/pixel @ aveage Images were acquiragsing neanadir pointing, butn contrast to
themonochroméasemap, low incidence anglgsre targetedlThe data were acquired in only 8

of the 11 filters used during the flybys, to manage data volltmadition, 2x2 oAx4 pixet

binning was applied at northern latitudes, also to manage data volume.

2.3.1.4  SouthPolar Mapping Campaign

In order to identify permanently shadowed (and permanently illuminated) #reasuth polar
regionwasimaged repeatedly throughcedichMeraurian solar day during evefgurth orbit, so
that all longitudesvereilluminated at~5 @rcrements of solar longitud€his strategy provides
coverage of all areas near theimimum solar incidence angleith nearly a full 180° range of
solar azimutHrom local sunrise to local sunsefhe campaigrwasdivided between the two
solar days.On the first solar day, the WA®asused while the spacecrafsat high altitudeat
high southern latituderoviding1.5-1.7 km/pixel image coveragextending egatorward to
approximatéy 60elatitude on the daysidg0° latitude with the full azimuth rangepn the
second solar day a more limited regtorv5° latitude was covered about 0 m/pixelusing
the NAC

2.3.1.5 High-resolutionNAC TargetedObservations

Selected areawostly inthe norhern hemisphergargetedorecominantlyusingflyby imaging,
wereimaged from orbit at resolutions tyfpically ~20 m/pixel using strips of NAC images.
Pointingwas attempted to ke geometriesimilar to thatof the global monochrome basemap.
Some strig were reémaged at an offiadir geometry to provide stereo convergence. Additional
targets were observedssually offnadir, at poorer resolutions and with lower incidence angles,
simultaneously with measurements from the MASCS/VIRS spectrometer.

2.3.1.6  3-Color WAC Targeted Observations

Selected regions of the plavetre targeteavith full-resolution color imaging with spatial
samplingtypically ~400 m/pixe] but using only 3 color filtersThis reduced number of filters
wasdriven by spacecraft velocity, slewcadence ahereadout of unbinned images, and the
need to maintain overlap between filtef@argets weredentified from Mariner 10 data and
MESSENGER flyby results.

2.3.1.7 Color PhotometryTargeted Observatian

Orbital photometric observations complemerd tlyby photometry by repeatedépvering
representative areas near the Rembrandt and Beethoven basins at wide viacetgrofe,
emission, and phasaglesjnitially using the same-8olor filter se as for the global-8olor

map. Images of the sanmarget are taken multiple times, thg planet's rotation varies the
incidence angle as the target region moves from the termioatear the sulolar longitude
Later in the mission the number of filters was increased to 11 to improve photometrit@orrec
of 11-color targeted observations.
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2.3.1.8 Limb Image Campaign

Once per week, three sets of 2x1 frame WAC-@B0image mosaics are acquired at high
altitudes, showing the entire limb of Mercury. These data are used to help define-tirddow
global shape natel for Mercuy.

2.3.1.9 On-orbit Calibration Campaigns

Star fields were imaged the WAC clear filtetin coordination with limb imaging, to track
temporal drift in MDIS pointing due to plastic deformation of the spacetaaftthermal
cycling. In addition periodically theMDIS pivot plane igointed off the planet's liménd star
images acquiredt multiple positions within the gimbal plane thaeaseparated by tens of
degrees, and the sequence of positions is repeated over the course of an orbit. @ids perio
measurement is used to characterize pointing drift due to temperature dependent elastic
deformation of the spacecraft structuae well as to characterize plastic deformation.

2.3.2 Extended Mission 1 (Solar days 3-4)

In April 2012 MESSENGERexecuted a sas of maneuvers to change the orbit and spend more
time at lower altitude. ienew8-hour orbitwasstill highly eccentric, with MESSENGER
travelling between 278 and 10,3k above Mercury's surface. Imaging campaigns were
modified to take advantage ofetfower altitude and toptimize illumination and viewing
compared to the "general purpose” monochrome basemap and stereo complement from the
primary mission. The extended mission comprises Mercury solar days 3 thinough the end

of March 2013

2.3.2.10 AlbedoMap and Stereo Complemeampaigns

Oneissue from the primary mission stereo map was its "one size fits all" illumination geometry
thatattempted to meet multiple objectivekile being optimized for nonén order to attain

stereo coverage with reducdthgows, a new pair of mosaiegas acquired that usdide camera
selection and spatial resolution strategy from the primary miss@mrochrome basemap, but
targetedower solar incidence angles, 45° instead of 68°. The nadir masa&cquired on solar
day3, and the stereo complement on dagdps in both were filled over time.

2.3.2.11 High-incidenceMapping Campaigrs (illuminated from the east and west)

To improve mapping and characterization of very-telief featuresanadditional mosaievas
acquired targetig a higher incidence angle than the primary mission monochrome basemap, 80°
instead of 68°Later, coverage was augmented to provide separate maps illuminated from the
east and from the west.

2.3.2.12 3-Color Mapping Campaign

3-color mapping of northern and equadb latitudes without pixel binning was conducted on

solar day 3. This campaign is the equivalent of targeted color imaging from the primary mission,
except with spatially continuous coverage with slowly varying illumination geometries

2.3.2.13 North Polar Mapping Campaign

In order to identify permanently shadowed (and permanently illuminated) dueagy both
solar days 3 and 4 imaging of the north polar regrasconducted whenever possible to build
coverage both at minimum solar incidence angle and wittrgs & possible a range of solar
azimuths

2.3.2.14 Ridealong Imaging Campaign
Beginning in Extended Mission 1, spare downlwksused to acquire netargeted, high
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resolution NAC images of the northern hemisphere, as-alioieg" observations during times
whenspacecraft pointing is optimized for other instruments

2.3.2.15 Other Imaging

Targeted, lgh-resolution NAC strips, color photometry, limb images, aneubit calibrations
continuel to be acquired as during the primary missi®agular color imaging of the southe
polar regiorbegan to beised to monitor radiometric performance of the WAC.

2.3.3 Extended Mission 2 (Solar day 5 through end of mission in solar day 9)

At the end of March 201BIESSENGERbeganits second extended mission, with new imaging
campaigns compleméing those of the Primary Mission and Extended Mission 1. The orbit
around Mercuryemainedargely the samanitially, but solar perturbations caukthe periapse

to approach the surface. In December 2013 the first of several low altitude (<200 kipgeeria
periodsoccurred Eachwasfollowed by a periapseaising maneuveOnce propellanvas
exhausted, the periapse intersethe surfaceandactive mission operations endagon
spacecraft impaain 30 April2015.Imaging campaignprovide new regionaliews, new global
views at complementary lighting, higkesolution observatioret pixel scales as good as <2
m/pixel in the NAC low-light imaging of the interiors of permanently shadowethr crates,
color emission phase functions ofesgted featuret investigatesmallscale differences in
photometric propertiesand oblique views of higtelief features to investigate vertical structure
of the upper crusBystematic searches were conducted for Mercurian satellites and for vulcanoid
asteroids whossemimajor orbital radii are interior to Mercury.

2.3.3.1 High-incidence Mapping Campaignslluminated from the East and West

The highincidence mapping from Extended Mission 1 included about a dozen large contiguous
areas illuminated at high solar incidence arfgbm either the east or west. During the second
extended mission, additional coverage at high solar incidencewsag#equired so thatearly

global coveragavasattainedn two nearly complete, complementagipbal maps eacht high

solar incidence ajies, one illuminated from the east and the other from the west.

2.3.3.2 Low-phaseNorth Polar 5-Color Mapping Campaign

Both the 8color global map acquired during the Primary Mission and tbel& map acquired
during Extended Mission 1 are mostly nadewing, such that higher latitudes are imaged at
higher phae angles. In each polar regidine high phase angles and extended shadows
complicate the recognition of color variations. The northern plains suirayie north pole are
the single largest expanseamhooth plains on Mercury, and have a relatively high albedo and
red color.These Imitations of the &olor and 3color mapobscurenvhether there are multiple
color unitsin the northern plaindo address this question, the northern plains regem

imaged in 5 colors at a variable anglemddir, to attain a uniform low phase angle near 30°

2.3.3.3 Along-track SterecoTargeted Observations

Prior to Extended Mission 2, higlesolution stereo imaging with the NAC was mostly limited to
image strips taken far agt in time at complementary geometries, yielding inconsistent stereo
convergenceA new approach uskcontrol of spacecraft pointing to acquire stereo geometries at
two times along the spacecraft groundtrack on a single orbit, providing spatial saryymlcadjyt
better than 50 m/pixel.

2.3.3.4  Dark-crater ImagingCampaigns
Beginning late in Extended Mission 1 and continuing through Extended Mission 2, the WAC
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clear filter and long exposures in the NA@reused to image permanently shadowed regions
inside highlatitude craters, illuminated indirectly by sunlight reflected from nearby ridges or
crater walls.As of mid2014, 3color imaging using 560, 750, and 830 nm filters and longer
exposure times began on an experimental basis.

2.3.3.5 1l-color Targetd Observatios

Beginning in Extended Mission 2,1-color targets using the full set of WAC spectral filters were
acquired covering regions of interest for their spectral variations, including pyroclastic vents,
hollows, and fresh crater materials

2.3.3.6  Multiple-phase Angle Obseations(Emission Phase Functions)

Beginning in Extended Mission 2;c®lor targets using 430750, and 100ehm WAC spectral
filters at 2 to 5 phase angles were acquired within single orbits or groups of two orbits, to
measure spatial differences in pbrmetric properties of targets including pyroclastic vents,
hollows, and fresh crater materials.

2.3.3.7 Low Flyover Movies
During Extended Mission 2, "mowgéwereacquired using the WAC 75@m filter pointed into
the ram direction to capture a view of flying owercury's surface at a low altitude.

2.3.3.8 Oblique Images

During Extended Mission Zjigh emission angle views of selected highef features including
massifs, escarpments, pyroclastic vents, and crater interiors were acquired to provide better
views of expsures of vertical structure of the shallow crust

2.3.3.9 Satellite Search

The objective of satellite searches w@®bserve any satellites close to opposition, when they
would be at the largest solar elongation to improve brightness and detectabilitgepeate
searchesvere conducted near Mercury geglionto enhance the brightness of the satellgesh
lookingnor t hward (fAupwardo from t hethpole)boivarcethe ap o ap
expected orbital plane. During each search, overlappindipgisteps were made, spang a
range fron2i 75 Mercury radii The sequence began at the greatest distance, stepped to the
smallest, andhen stepped back to the largest, allowfater motion of an inner satellite to be
detected (before an objdett the field) while still alowing the slower motion of an outer
satellite to be detected (because enough time had pagkétiple imagesvere used aingle
sters to rejectradiationartifacts. Motion expected was due primarily to parallax from the
spacecrft motion. The entire sguencewnas repeatedofter a fixed timeThe combined searches
covered ~20% of orbital phase space

2.3.3.10 Vulcanoid Search

Due toits ability to point to 30° from th8unat Mercury perihelion, MDIS was able to image
theouter portion othe vulcanoid zonat0.18 0.21 AUwhichrepresents 46% of the volume of
the zone where vulcanoids are expected tmbstlikely. During MESSENGER's cruise phase,
vulcanoid searchesere conductedix times, collectively covering6% of the volume of the
vulcanoid zone. At each sear®hDIS observed one field width north and south of the ecliptic
and on both sides of the Sdrhis was repeated over three time scatamediate, to reject
artifacts; afterm few hoursda distinguish motion from starandafter a few days to attempt to
recover an object and estimate an owit.altered strategy was usta two final searchefrom
Mercury orbit allowing detection of smaller bodias the expense of coveragdesedeeper
searchesvere achievety co-addingimagesand bymaking longer strings of sequential
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observations, thus making any motion much more prominent. Each of these searehss$ 5%v
of the vulcanoid volume.

2.3.3.11 Nightside limb imaging

During Extended Mission Znexperiment was conducted to attertpimage emissions from
Mercury's exosphere, andnteasure stellar occultations by Mercury's nigjide optically. The

latter was a proebf-concept to demonstrate ability to measure the convex upper high of the
seasonally shadowed portion of an astedoidng a spacecraft encounter much shorter than a
Mercurian year. WAC clear filter images were acquired in sets of 3 to reject radiation noise, at
three positioawith the nightside of Mercury filling 0.25, 0.5, and 0.75 of the field of view.
Portions ofthe limb were targeted where illuminated portions of the planet were at least 10° from
the WAC boresight to minimize scattered light.

2.3.3.12 Other Imaging
High-resolution NAC strips, color photometgolor imaging of the south polar regidimb
images, and oorbit calibrations continwkto be acquired as during tfiest extended mission.

2.4 Data Product Overview

The MDIS archivecontainsten volumes ofhigherlevel dataproducts CDRs DDRs BDRs
MDRs, MD3s, MP5s, HIEs, HIWSs, LOIs, and RTM<£each is briefly described below and listed
in Table 214. More detailed descriptions can be found in sections 3.3.5 througj 3.3.

2.4.1 CDRs

The Calibrated Data Record (CpBata set consists singleframe calibrated images in units of
radianceor I/F, with I/F for WAC images provided as two versions, either corrected or not
corrected empirically for timeariable responsivityCDRs are not geometrically corrected.
Versions 1 throgh 5 represent a series of improvements in accuracy of the radiometric
calibration that reduce systematic artifa@se sectior8.3.5for a more detailed description of
the CDRs

2.4.2 DDRs

The Derived Data Record (DDRlataset consists of single images that have 5 bands of data as
32-bit PC REAL or IEEE_REAL (a) latitude, (b) longitudeand (c) incidence angle, (d)
emission angle, and (e) phase arajléhe equipotential surfack version 0 DDRs, latitude and
longitude ae calculated using the bed¢termined spacecraft and instrument pointing values,
spacecraft position, and camera model recorded in SPICE kernels, and an ellipsoidal model of
the planet surface. For version 1 DD&slivered one year after the end of orbdperations
"smithed c-kernelsthat record the time history of pivot pointiagd a global digital elevation
model (DEM) are usedn the smithed &ernels used for version 1, pointing history is adjusted
to control map projection, to provide improvegt@ement in the location of geographic features
in overlapping NAC and WAC 4ilter images. Version 2 DDRs, delivered two years after the
end of orbital operations, were constructed for only WA@It@&r images used in multispectral
data products (MDRs, MBs, MP5s). In the smithedkernels used for version 2, the usage of
only WAC GHilter images optimizes the control ofultispectral images, resulting in less "blur"
from the averaging procedures described for the newest version of MDRs, MD3s, an®GhH5s.
section 3.3.6 for a more detailed description of DDRs
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2.4.3 BDRs

The Map Projected Basemap RDR (BDR) data set consists of a global monochrome map of
reflectance corrected to i = 30°, e +@®%*=30°at a resolution 0256 pixels perdegree Version 0,
released in 2013s compiled from images taken as a part of the global monochrome basemap
campaign described in sectio32.1 Depending on spacecraft altitude when the data were
taken, either the NAC or WAC 75@m image was used/ersion QOis uncontrolled, projected

onto an ellipsoidal model of Mercurgind photometrically corrected using a Hapke photometric
model with parameters optimized to higher solar incidence angles (and different from parameters
used in map products containit@wver-incidence angle data)t uses images thdiest fit an
intended photometric geometry of low emission angle and incidence angle nede&85n 1,
releasedne year after the end of orbital operatiasscompiled usingNAC or WAC 750nm

images fromany campaignhatbest fitanintended illumination geometrmyf low emission angle

and incidence angle ned#°. It is controlled and projected onto a global diggtdvationmodel.

It uses aKaasalainenShkuratovphotometricmodel, whose parameters are the same for any
given wavelength band across all MESSENGER @&Hrehission map data productgersion 2 is
modified from version 1 bydding latitudedependence to criteria for including images in the
BDRs, and introducing humén-the-loop selection of images for inclusion and exclusion.

TheBDR dataset s di vi ded into 54 segments or Atil es,
SE quadrant of one of the 13 npalar quadrangles, plus ti2 polar quadrangle® r  fi Mer cur y
chars 0 al ready defined blp). lathude bbuBdaries dosetenatcha b | e
precisely the USGS definition. For this archive, the equirectangular products extend to the shared
midpoint latitude rather than include the defined redundant overlap betfnesenproduct€ach

map also contains 5 additional bands représengy fibac k pl a n e(a) omberviateon as f o
id, (b) BDR metric, a metric used to determine the stacking order of component imagieh

image of all those covering piece of terr&@n'on top"”(see section 2.5.2.3), (c) solar incidence

angle, (d) emission angle, and (e) phase angle. See section 3.3.7 for a more detailed description

of the BDRs.

2.4.4 MDRs

The 8-color Map Projected Multispectral RDBVMIDR) data set consists af mosaickedglobal

color map of8-color image setsasreflectance corrected to i = 30°, e = 8Ad g = 30%ampled

at a scal®f 64 pixels per degreecompiled from images taken as a part of the gl8k=llor map
campaign described in sectior82..3 Each of 54 map tiles, defined geographically in the same
manner as the BDRs, is composed of 8 bands corresponding to 8 of the 11 WAC filters.
Versions 0, 1, and 2 of theap also contaib additional bandsrepsent ng fAbackpl anebo
follows: (a) observation ifor each image setb) MDR metric, a metric used to determine the
stacking order of component images (see section 2.5&h8)(c) solar incidence angle, (d)
emission angle, and (e) phase ariglethe 750nm image in the seWersions 0, 1, and are
uncontrolled, projected onto an ellipsoidal model of Mercury, and photometrically corrected
using a Hapke photometric model with parameters optimized to lower solar incidence angles
(and different fron parameters used in map products containing higloetence angle data)

Version 3 of the map, deliveredne year after the end of orbital operatioiss compiled
differently. Instead of the value from any single image being used at a panixgdiocationin
a given wavelength bandthe value used is the average from all of the imagésaatocation
where criteria for image scale, photometric geometry, and detector tempexneunet. The
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averaging approach minimigartifacts of timevariable irstrument calibration. The 9 backplanes

are redefined, and contain (a) the count-cb®r image sets at each location, ang) flor each
wavelength band of corrected reflectance, the standard deviation to the average value. In
addition, version 3 is cordlled using version 1 DDRs (where image control uses NAC and
WAC GHfilter images), and projected onto a global digitalevation model. It uses a
KaasalainenShkuratov photometric model, whose parameters are the same for i@en g
wavelength band across all MESSENGER-efithission map data productor the south polar

region only, there is a redundant tile having lower spatial resolution that ekmica¥erage

gaps present in the nominal version of the tile.

Version 4, dalered two years after the end of orbital gems, is similar to version &xcept
thatits map projectioruses version 2 DDRs (where image contsobased onWWAC Gfilter
images only), resulting in less blur during averaging of overlying imaides.MDR version 4
dataset has 6 special case mapih different parameters and file naming than the other maps.
In Mercury charts HO1 and HO3, there are additional higbsiution maps with "128PPD" in
the file name which provide higher resolution for a ied area using only images with
resolution better thaB00 m/pixel The H15 chart has an additional version (also present in
version 3) with more complete polar coveragenglower resolutionimagesto 2700 m/pixel,
with " 2700 _" in theife name.

See section 3.3.8 for a more detailed description of the MDRs

2.4.5 MD3s

The 3color Map Projected Multispectral RDRID3) data set consists af mosaicled global

color map of 3color image sets, as refitance corrected to i = 30°, e @4d g = 30%ampled at

a scale ofL28 pixels per degree, compiled from images taken as a part oégnenal 3-color

map @mpaign described in section 2.3.2Eachmap tile defined geographically in theame
manner agor BDRs and MDRs contains3 bands corresponding tod the 11 WAC filters.
Version 0 of the mapontainsb additional bands represenhg fibackpl aneo dat a
observation idor each image sg{b) the same metric as f&MDRs, to determine the stacking
order of component images (see section 2.5.8X&ept with the limiting spatial resolution
modified and(c) solar incidence angle, (d) emission angle, angtiepse angléor the 750nm

image in the seVersion 0 is uncontradld, projected onto an ellipsoidal model of Mercury, and
photometrically corrected using a Hapke photometric model with parameters optimized to lower
solar incidence angles (and different from parameters used in map products containing higher
incidence ang data).

Version 1 of the map, delivered ahe year after the end of orbital operatioiss compiled
differently. Instead of the value from any single image being used at a particular pixel location in
a given wavelength band, the value used is the gedram all of the images at that location
where criteria for image scale, photometric geometry, and detector temperature are met. The
averaging approach minimizes artifacts of tivagiable instrument calibration. The 4 backplanes

are redefined, and comma(a) the count of ®olor image sets at each location, andl)lfor each
wavelength band of corrected reflectance, the standard deviation to the average value. In
addition, version 1lis controlledusing version 1 DDRsand projected onto a global didita
elevationmodel. It uses KaasalainenShkuratovphotometric model, whose parameters are the
same for any given wavelength band across all MESSENGERofanéssion map data
productsVersion 2 delivered two years after thadof orbital opedtions, is similar to version 1
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except that its map projection uses version 2 DDRs, resulting in less blur during averaging of
overlying images.See section 3.3fr a moredetailed description of the MI33

2.4.6 MP5s

The 5color Map Projected Multispectral RDfRP5) data set consists afmosaickedegional

color map of &color image sets, as reflectance corrected to i = 30°, ean@§ = 30°sampled

at a scale of 128 yels per degree, compiled from images taken as a part of the regioolalr 5
map campaign described in section 2.3.3Zre is a single map tile, the north polar, titeat
contains 5 bands corresponding to 5 of the 11 WAC fildéession1 of the map deliveredone

year after the end of orbital operatiprscompiled using at a particular pixel location in a given
wavelength bandthe average from all of the images at that location where criteria for image
scale, photometric geomgir and detector temperature are met. The averaging approach
minimizes artifacts of tim@ariable instrument calibration. Six bad&pes contain (a) the count

of 5-color imagesets at each location, and-flbfor each wavelength band of corrected
reflectane, the standard deviation to the aggraalue. In addition, versidhis controlledusing
version 1 DDRsand projected onto a global digitalevationmodel. It uses aKaasalaineh
Shkuratovphotometric model, whose paramstare the same for any given wavelength band
across all MESSENGER eraf-mission map data productgersion 2 delivered two years after

the end of orbital oprations, is similar to version éxcept that its map projection uses version 2
DDRs, resulting irless blur during averaging of overlying imagasditional imageghat were

left out of the averaging in version 1 due to excessiveagistration blurare now included in
version 2, filling in some gaps and increasing the available images for anger&ge section
3.3.10 for a more detailed description of ME5s

2.4.7 HIEs

The Map Projectedtigh-Incidence AngleBasemaglluminated from the EasRDR (HIE) data

set consists of a global monochrome map of reflectance corrected3@j e = O°andg = 30°

at a resolution o256 pixels per degreecompiled from images taken as a part of the global-high
incidence angle imaging campaign illuminated from the east, described in section E&cB.1

map tile, defined geographically ihd same manner as for BDRs, contains a single band that
merges NAC and WAC 750m imagesVersion 0 of themap also contains 5 additional bands
represent ng A backpl an:ga obdeavatian ida(he famé metrivvas fADRS, to
determine thetacking order of component images (see section 2.5n2aglfied for the optimal
incidence angle to be 78° instead of 6874°, (c) solar incidence angle, (d) emission angle, and
(e) phase angleVersion 0 is uncontrolled, projected onto an ellipsoidadel of Mercury, and
photometrically corrected using a Hapke photometric model with parameters optimized to higher
solar incidence angles (and different from parameters used in map products containing lower
incidence angle data)ersion 1, releaseadne year after the end of orbital operatioris
compiled using NAC or WAC 758m images from any campaign that best fit the intended
illumination geometry, i.e., low emission angle and incidence angle neawiff8fllumination

from the eastlt is controlled and projected onto a global digitalevationmodel. It uses a
KaasalainenShkuratov photometric model, whose parameters are the same for any given
wavelength band across all MESSENGER -efithission map data productdersion 2,
released two years after the end of orbital operations, differs from version 1 in that the intended
illumination geometry is low emission angle and incidence angle near 86° with illumination from
the eastSee section 3.3.1fbr a moredetailed descrifon of the HIES.
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2.4.8 HIWs

The Map Projectedfligh-Incidence AngleBasemagplluminated from the WedRDR HIW) data

set consists of a global monochrome map of reflectance corrected to i = 309, anddd< 30°

at a resolution o256 pixels per degreecompiled from images taken as a part of the global-high
incidence angle imaging campaign illuminated from the west, described in section. E8ch 1
map tile, defined geographically in the same manner as for BDRs, contains a sirtgkbdian
merges NAC and WAC 750m imagesVersion O of themap also contains 5 additional bands
represent ng A backpl an:ga obdeavatian ida(he famé metrivvas fADRS, to
determine the stacking order of component images (see se@&i@r8P modified for the optimal
incidence angle to be 78° instead of 6874°, (c) solar incidence angle, (d) emission angle, and
(e) phase angleVersion 0 is uncontrolled, projected onto an ellipsoidal model of Mercury, and
photometrically correctedsing a Hapke photometric model with parameters optimized to higher
solar incidence angles (and different from parameters used in map products containing lower
incidence angle datalMersion 1, releasedne year after the end of orbital operations
compled using NAC or WAC 756m images from any campaign that best fit the intended
illumination geometry, i.e., low emission angle and incidence angle near 78° with illumination
from the west. It iscontrolled and projected onto a global digiedévation model. It uses a
KaasalainenShkuratov photometric model, whose parameters are the same for any given
wavelength band across all MESSENGER -efithission map data productd/ersion 2,
released two years after the end of orbif@rations, differs from version 1 in that the intended
illumination geometry is low emission angle and incidence angle near 86° with illumination from
the westSee section 3.3.1f2r a moredetailed description of the HI8V

2.49 LOIs

The Map Projected.ow-Incidence AngleBasemap RDRLOI) data set consists of a global
monochrome map of reflectance corrected to i = 30°, e anofy = 30°at a resolution 0256

pixels per degreeEach map tile, defined geographically in the same manmdpbraBDRSs,
contains a single band that merges NAC and WAGitBOmagesEach map also contains 5
additional bands represenhg fA backpl ane da) absetvaion &s (b)He sdme o w s
metric as for MDRs, to determine the stacking order of compameges (see section 2.5.2.3)
except with the limiting spatial resolution modified to be the same as for B@Rsolar
incidence angle, (d) emission angle, andpf@se anglevVersionl, releasedne year after the

end of orbital operationss compiledin part based on images taken as a part of the global low
incidence angle imaging campaign described in section 2.3.2.1, but it also includ¢sGroy

WAC 750nm images from any campaign that best fit the intended illumination geometry, i.e.,
low emissim angle and incidence angle n&&’. It is controlled and projected onto a global
digital elevationmodel. It uses a&aasalainenShkuratovphotometric model, whose parameters
are the same for any given wavelength band aclb$8E5SENGER engf-mission map data
productsVersion 2 released two years after the end of orbital operations, fills a gap in coverage
near the south pole with an image scaled in brightness to match the adjacent cé&eegage.
section 3.3.13or a moredetailed description of the LGl

2.4.10 RTMs

The Regional Targeted MosaiRDR (RTM) data set consists of regionalaps of reflectance
corrected to i = 30° e =,0§ = 30° at resolutiors optimized to each mosaic, compiled from
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images takems a part of targeted NAC strips or targeted WAC color observafdinsut two

of the regional maps each include the data from a single targeted observation of one of four
types: (a)a highresolution NAC strip as described in section 2.3.1.5a@®)olor WAC target

as described in section 2.3.1.6, &) 8- or 11-color WAC photometry target as described in
section 2.3.1.7pr (d) an 11-color WAC targetas described in section 2.3.3.5. Each map is
projected orthographically centered on the imaint o the target, and contains 1, 3, 8, or 11
image bands depending on the type of observation (NAC or WAAB-,3or 1%color targeted
observation)Each NAC mosaic also contains 4 additional bands representing "backplane" data
as follows: (a) observation igh) solar incidence angle, (c) emission angle, and (d) phase angle.
Each WAC color product contains 3 backplanes: (a) solar incidence angle, (b) emission angle,
and (c) phase angldf. the observation is a WAC color observation, #uiditional bands are
evaluated for the 75@m filter. Version 0 is uncontrolled, projected onto an ellipsoidal model of
Mercury, and photometrically corrected using a Hapke photometric model with parameters
optimized to lower solar incidence angles for the WAC color mosaicstardgher solar
incidence angles for the NAC mosaics. Version 1 is controlled and projected onto a global digital
elevationmodel. It uses KaasalainenShkuratovphotometric model, whose parameters are the
same for any giverwavelength band across all MESSENGER -efithission map data
products.

The two specialized RTMs are regional WA&d@or maps of Caloris and b3@igh-quality
regional color mosaics of these regions of high scientific interest. The imagé® create le
mosaics were purposely acquired with no compression during a time interval of just a few weeks,
to minimize differences in the illumination conditions and calibration differences across the
mosaic. From the overlap of images within these regional nmsaispatial correctiofor
scattered light inherent in the instrument was developeahid@applied téthese image sets.

See section 3.3.14r a moredetailed description of the RT3V
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Data Product

PDS Data Set ID

Data Processing

Example PDS

Level Labels
Experiment Data Record MESS-E/V/H-MDIS-2-EDR-V1.0 2 See EDR SIS
(EDR)
Calibrated Data Record MESS-E/V/H-MDIS-4-CDR- 4 Section 3.3.5
(CDR) CALDATA-V1.0 Appendix C
Derived Data Record (DDR) '(\BAE(S)SM'E/A\#X:\I\/A]_D(I)S'G'DDR' 6 ig;té?]?iii%ﬁ
“R”g%'?é%‘a")ted Basemap MESS-H-MDIS-5-RDR-BDR-V1.0 5 ig;te'?]giiéj
8-Color Map Projected Section 3.3.8
Multispectral RDR (MDR) MESS-H-MDIS-5-RDR-MDR-V1.0 5 Appendix F
3-Color Map Projected Section 3.3.9
Multispectral RDR (MD3) MESS-H-MDIS-5-RDR-MD3-V1.0 5 Appendix G
5-Color Map Projected Section 3.3.10
Multispectral RDR (MP5) MESS-H-MDIS-5-RDR-MP5-V1.0 5 Appendix H
Ma|?j ProjectedI High-
incidence Angle Basemap m = e Section 3.3.11
llluminated from the East MESS-H-MDIS-5-RDR-HIE-V1.0 5 Appendix |
RDR (HIE)
Ma‘% Proje;tedl H|i_:?h- Section 3.3.12
incidence Angle Basemap m = i i ection 3.3.
llluminated from the West MESS-H-MDIS-5-RDR-HIW-V1.0 5 Appendix J
RDR (HIW)
Map Projected Low- .
incidence Angle Basemap | MESS-H-MDIS-5-RDR-LOI-V1.0 5 Soction 5513
RDR (LOI) bp
Map Projected Regional .
Targeted Mosaic RDR MESS-H-MDIS-5-RDR-RTM-V1.0 5 Section 3.3.14

(RTM)

Appendix L

Table 2-14: Definitions of MDIS data products.EDRs are not described in this document.

2.5 Data Processing

2.5.1 Data Processing Level

Data from the MESSENGER WAC and NAC are archived together. The archive includes level
2 (and above) Committee on Data Management and Computation (BCPd&ta (Table 25),
standarcand speciatiata productg¢as delineated in Applicable Document dhd documentation
describing the generation of the products. Each MDIS data product has a unique file name and

follows a specified file naming conventioseg section 3.3).
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NASA CODMAC Description

Packet data Raw - Level 1 Telemetry data stream as received at the ground station,
with science and engineering data embedded.

Level-0 Edited - Level 2 Instrument science data (e.g., raw voltages, counts) at full
resolution, time ordered, with duplicates and transmission
errors removed.

Level 1-A Calibrated - Level 3 Level 0 data that have been located in space and may
have been transformed (e.g., calibrated, rearranged) in a
reversible manner and packaged with needed ancillary
and auxiliary data (e.g., radiances with the calibration
equations applied).

Level 1-B Resampled - Level 4 Irreversibly transformed (e.g., resampled, remapped,
calibrated) values of the instrument measurements (e.g.,
radiances, magnetic field strength).

Level 1-C Derived - Level 5 Level 1A or 1B data that have been resampled and
mapped onto uniform space-time grids. The data are
calibrated (i.e., radiometrically corrected) and may have
additional corrections applied (e.g., terrain correction).

Level 2 Derived - Level 5 Geophysical parameters, generally derived from Level 1
data, and located in space and time commensurate with
instrument location, pointing, and sampling.

Level 3 Derived - Level 5 Geophysical parameters mapped onto uniform space-
time grids.
Ancillary 7 Level 6 Data needed to generate calibrated or resampled data
sets.

Table 2-15: Processing Levels for Science Data Sets

2.5.2 Data Product Generation

MESSENGER WA and NAC image CDRsand RDRs are produced by the MESSENGER
Science Operations Center (SOC) operated jointly by APL and AGSbme casethey are also
generatedy memberof the MESSENGER science teafthe CDRsaregenerated from EDRs
through a data pipeline thabrcecs the EDRs for dark counts, flat field effectgnlinearity in
response, wavelengtlependent responsivity, and timand detector temperatudependeat
variations in responsivity

At the end of the evaluation and validation period, the dateomyanized and stored in the
directory structure described in secti®, along with fiduciary checksums for transmitialthe
PDS Imaging node.The transmittal pcess is described in secti@rb.3. Theseproductsare
used for engineering support, ditscience analysis, and construction of other science products.

2.5.2.1 CDRGeneration

25211 Radiance

Laboratory and ifflight measurements were used to derive values for the terms of the calibration
equation (shown in Equation 1 beloWgr both the WAC and NAC. Details of how these
measurements were made can be found in Hawkins et al. (2007) [Applicable Docunt&oih9].
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instruments measure relative light intensity in engineering units referred to as data number [DN].
DNs are generaflconverted to radiance, (W m-nmm-sr?), following the calibratiorequation:

(. MI:_I_)_[DN(x,y, f,T,£,0,MET)- Dk(x,y,T,2,b)]- Sm(xy.7,b) "
o i Flat(x,y, f,b)* [Resp(f, T,b)* ¢

where:

L(x,y,f,MET) is the calibrated radiance in column x, row y, through filtenelasured at time
MET

DN(x,y,f,T,t,b,MET) is the raw DN mesaured by the pixel in column x, row y, through filter f, at
CCD temperature T and exposure timéor binning mode b, and Mission Elapsed Time (MET),

Dk(x,y, T t,b) is the dark level in a given pixel, derived either from the dark strip or estimated
from exposure time and CCD temperature,

Sm(x,yt,b) is the scendependent frame transfer smear for the pixel,
Flat(x,y,f,b) isthenom ni f or mi-ftiyelod 0 iddratrecti on at this pi

Resp(f,T,b) igemperaturalependentesponsivity, relatingdark-, flat-, and smeacorrected DN
per unit exposure time to radiance,

t is the exposure time in milliseconds.

25.21.2 I/F

To convert from radiance to I/F (also known as radiance factor, the ratio of measured radiance to
that which would be measured from &ite perfectly Larbertian surface), which is used to
populate CDRs, the followingxpression should be applied:

|_over_F&,y,fMET) = L(x,y,fMET) / Correct{,MET) * pi *
(SOLAR_DISTANCE/149597870.6912 / F() [2]

where

L(x,y,f,MET) is cdibrated radiance calculated as described above for some fidtesdme time
MET

SOLAR_DISTANCE is that value for distance of the target object from the center Stithie
kilometers (as indicated by the keyword SOLAR_DISTANCE)

149597870.691 is thaumber of kilometers in 1 Aland

F(f) is effective average solar irradiaratel AUsampled under the filter bandpd$able 216).
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Correct(f,MET) is a timalependent scalar correction applied to a whole imagethe NAC,
Correct(f, MET) is unity and onlgne version of I/F is generated, with the character string "IF" in
the file name. For the WAC, tweersions of I/F are generated, with (IF) and without (IU) an
empirical correction for responsivityghat varies day by day. Derivation of values for
Correct{,MET) for the WAC aredescribed by Denevi et al. (2016) [Applicable Document. 14]

25213 Treatment obpecial pixels

Two types of pixels in an EDR cannot be validly calibrated to either radiance or I/F:

1 Pixels under the dark mask at the edge of the detectmotimeasure light from the
scene, yet deviation of their calibrated value from zero is a valuable measure of
calibration residuals. The average calibrated value under the dark mask is reported in the
label asDARK_STRIP_MEAN but the actual pixel valueseareplaced by the value
indicated in the label for CORE_NULL.

1 Saturated pixels do not have a known correspondence to scene radiance. The pixel values
in saturated pixels are replaced by the value indicated in the label for
CORE_HIGH_INSTR_SATURATION

Thesekeywords are discussed further in Appendix B.

Imager | Filter Number | Band Center, nm | Bandwidth, nm | Solar Irradiance, W m? pm™

NAC N/A 747.70 52.55 1278.85
1 698.76 5.30 1429.10
2 701.27 196.51 1432.13
3 479.87 10.14 2091.95
4 558.91 5.82 1833.26
5 628.81 5.52 1669.08
6 433.21 18.11 1733.07

WAC 7 748.73 5.09 1293.93
8 947.03 6.15 813.27
9 996.23 14.30 741.46
10 898.80 5.08 900.80
11 1012.56 33.33 714.15
12 828.39 5.20 1062.92

Table 2-16: Solar irradiance used to convert radiance to units of I/F.

2.5.2.2 DDR Generation

The sequence of processin@tltreates aersion 0 DR is as follows.Gimbal positions are
extracted from the gimbal C kerndlUsing that and other SPICE rkels, theequipotential
surface intercept is calculatéddr each spatial pixelThe angles of this pixel relative to the
equatorialplane and reference longitudenstitute the latitde and longitude of the pixefor
that latitude and longitude, solacidence, emission, and phase angles are determined.

The generatio of version 1 and 2 DDRs differs in two ways. Gimbal positions are extracted
from smithed ekernels, in which gimbal position has been adjusted to minimize misregistration
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of overlapping images. Using that and other SPICE kernels, the intercept on a global digital
elevation model (DEM) is calculated for each spatial pixel.

2.5.2.3 BDR, MDR, MD3, MP5, HIE, HIW, LOI, and RTM Generation
The sequence of processingtticeeates a BDRMDR, MD3, MP5, HIE, HIW, LOI, or RTM
from CDRs and DDR§Figure 217)is as follows

(a) EDRs are assembled from raw data.
(b) Radiance images are created from the EDRs and calibfdéisn

(c) Radiancas converteda I/F CDRs by dividing byémpiricalcorrection *i * solar flux at 1
AU * heliocentricdistance”2).

(d) I/F is converted to reflectance through a photometric correttion 30°, e = Q°g=30°
Early versions of these products dseHapke correction; the final wns used &aasalainen
Shkuratovcorrecton as described by Domingue et @016) [Applicable Document 1.3

(e) Gimbal positions are extracted from #gpacecrafhousekeeping andrmatted as a gibal C
kernel.

(f) Using the gimbal C kernel and other SPICE kernels, DDRs are created. The surface intercept
on Mercury's surface is calculated for each spatial pixel. The angles of this pixel relative to the
equatorial plane and reference longitude dtutst the latitude and longitude of the pixel. For
that latitude and longitude, solar incidence, emission, and phase angles are detatraimed
equipotential surfacd-or version 0 DDRs, latitude and longitude are calculatdgthe best
determined spa&craft and instrument pointing values, spacecraft position, and camera model
recorded in SPICE kernels, and an ellipsoidal model of the planet surface. For veasidr? 1
DDRs, esmithed kernels and global digital elevation moddDEM) are usedThe DEM was
derivedalong with version 1 DDRgysinga leastsquares bundle adjustment of common features
measured as tie poigbordinates in overlapping NAC and WAE filter images as described

by Becker et al. (2016) [Applicable Document 15].

(9) Reflectancecorrected to i = 30°, e =,0§=30°from the WAC and/or NAGs map projected
into multibandmap productsising the latitude and longitude information in the DDRs. The same
procedure is used on DDRs to assemble the backplanesasitediinformation.

Prior to the finaktwo deliveiies of products at end of mission, all map products wd from

simple mapping campaigns,aad st acki ng order to detFoerthmi ne AV
deliveries at one and two years after the eoifd orbital operations regional or global
multispectral maps (MDRs/MD3s/MP%sd two RTMs covering the Caloris and b30 b3gsins
employed an averaging procedure usatigpverlapping images at a given latitude and longitude

where criteria for image scale, gtbmetric geometry, and detector temperature are met. The
averaging approach minimizes artifacts of tivagiable instrument calibration. Alsthoseend

of-mission productsnixed images fromdifferent campaigis to more closely approach desired

lighting geometries or to fill gaps.

Separate stacking or der sare definedhseparately formrBDRs I S C
HIESHIWs, and MDR$MD3s/MP5s/LOIs Which images were taken as part of the basemap or

color mapping campaigns representedtmsedata productss indicated within an observation

table used internally at the MESSENGER Science Operations Centbe case of all maps,
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